Information concerning natural variation either in chiasma frequency or in the genetic basis of any such variation is a valuable tool to characterize phenotypic traits and their genetic control. Here meiotic recombination frequencies are analysed in nine geographically and ecologically diverse accessions of Arabidopsis thaliana, and a comparative study was carried out incorporating previous data from another eight accessions. Chiasma frequencies, estimated by counting rod and ring bivalents at metaphase I, varied up to 22% among accessions. However, no differences were found among plants of the same accession. There was a relationship, which does not necessarily imply direct proportionality, between the size of the chromosomes and their mean chiasma frequency. Chiasma frequency and distribution between arms and among chromosomes were not consistent over accessions. These findings indicate the existence of genetic factors controlling meiotic recombination both throughout the whole genome and at the whole chromosome level. The reliability of chiasma scoring as an indicator of reciprocal recombination events is also discussed.
Introduction
Crossovers (COs) involve the reciprocal exchange of genetic material between homologous chromosomes during meiosis. They ensure, in combination with sister chromatid arm cohesion, proper chromosome segregation. In most eukaryotes at least one CO per pair of homologues is required for the accurate transmission of each chromosome set during gamete formation (Jones, 1987) . COs also create new combinations of parental alleles at each generation. Because of this effect, meiotic recombination exerts a profound influence on genome diversity and evolution, and constitutes the basis of traditional plant breeding techniques (Wijnker and de Jong, 2008; Dirks et al., 2009) .
Cytological and genetical methods and, more recently, molecular approaches, have been used to investigate meiotic recombination. In some species, COs can be visualized cytologically by immunolocalization of some recombination proteins such as MLH1 and MLH3 (Anderson et al., 1999; Marcon and Moens, 2003; Jackson et al., 2006; Lhuissier et al., 2007; Chelysheva et al., 2010) , or as late recombination nodules which are electron-dense structures located on synaptonemal complexes (Carpenter, 1979; Zickler and Kleckner, 1999; Anderson and Stack, 2005) . In addition, the demonstration that chiasmata correspond to the points of physical exchange between homologous non-sister chromatids has validated the traditional method used for CO quantification (Tease and Jones, 1978) . This method, widely used in many species, is based on recording the numbers and locations of chiasmata in bivalents at late prophase I or metaphase I of meiosis (for a review, see Jones, 1987) .
Arabidopsis thaliana is widely used as a model system in molecular and developmental biology, as well as in physiology and cell biology. It is a convenient species for the study of meiosis in flowering plants since it allows molecular approaches to be combined with cytological methods (Hamant et al., 2006) . Recent studies in Arabidopsis have substantially improved our knowledge of how meiotic recombination is controlled in plants, and >30 meiotic genes involved in this process have been identified (Mercier and Grelon, 2008) . Additional information on meiotic recombination has also been provided by different sources: conventional gene mapping , selective antibiotic marker-based systems (Barth et al., 2000) , fluorescence-based tetrad analysis of visible markers distributed across the entire genome (Francis et al., 2007; Berchowitz and Copenhaver, 2008) , specific chromosome and genome-wide analyses using DNA nucleotide polymorphisms (Drouaud et al., 2006 Toyota et al., 2011) , and allele-specific PCR amplifications of single molecules from pollen genomic DNA (Drouaud and Mézard, 2011) .
Arabidopsis has a wide biogeographical distribution, and, consequently, a rich natural variation exists among collected accessions, which are acclimated to different local environments (Bergelson et al., 1998; Hoffmann, 2002; Koornneef et al., 2004; Alonso-Blanco et al., 2005; Nordborg et al., 2005; Bakker et al., 2006; Mitchell-Olds and Schmitt, 2006) . Despite the fact that this species has emerged in the last years as a model for ecological and evolutionary genetics, there is little information concerning either natural variation in chiasma frequency or the genetic basis of any such variation (Sánchez-Morán et al., 2002; Toyota et al., 2011) . To gain a better knowledge of the real situation, here chiasma data of each chromosome and chromosome arm in nine geographically and ecologically diverse accessions are presented.
Materials and methods

Plant materials and growing conditions
The nine accessions of A. thaliana analysed in this study and some of their corresponding habitats are indicated in Table 1 . Plants were sown simultaneously onto soil-less compost and grown to flowering in a constant environment chamber at a temperature of 18°C, 70% humidity, and a daylength of 16 h.
Fixation
The first immature flower buds were fixed in Carnoy's fixative (6 ethanol:3 chloroform:1 glacial acetic acid), and stored at -20°C until required.
Slide preparation
Air-dried spreads of pollen mother cells were carried out according to the method described by Sánchez-Morán et al. (2001) .
Fluorescence in situ hybridization (FISH)
The FISH technique was performed according to Sánchez-Morán et al. (2001) , using the 45S and 5S rDNA probes described in that work.
FISH preparations were viewed with an Olympus BX61 microscope equipped with epifluorescence optics. Images were captured with an Olympus DP71 digital camera controlled by analySIS software (Soft Imaging System), analysed, and processed with Adobe Photoshop 7.0 software.
Statistical analyses
Chiasma data were analysed using the SPSS statistical package. Two-way and three-way analyses of variance (ANOVAs; sum of square type I) were computed in order to evaluate the effects of accessions, chromosomes, and chromosome arms, considering these factors as fixed. This is obvious in the case of chromosomes and chromosome arms, while in the case of accessions it was determined on the basis that they were not drawn randomly from a population of possible accessions.
Results
Chromosome identification
Chromosome morphology together with 45S and 5S rDNA FISH probes allow the identification of the whole complement set of Arabidopsis (Fransz et al., 1998; Sánchez-Morán et al., 2001 . Schematic haploid karyotypes of the nine accessions analysed showing the number and locations of the rDNA probes are shown in Supplementary Fig. S1 available at JXB online. In all accessions, the short acrocentric chromosomes 2 and 4 both carry 45S sequences distally on their short arms. A 5S rDNA site is also present on the short arm of chromosome 4. The invariant large 5S signal located proximally on the shorter arm of the submetacentric chromosome 5 serves to distinguish this chromosome from chromosome 1. On the other hand, in contrast to Col and Ler accessions, there are no rDNA signals in chromosome 3, the smallest of the submetacentric/metacentric group formed by chromosomes 1, 3, and 5. In addition, differences in size of both 45S and 5S signals Table 1 . Sources of the A. thaliana accessions analysed in this study Roman numbers in parentheses indicate the Spanish subregion where they were collected (see Picó et al., 2008) . Stone wall alongside a river among accessions were also observed ( Fig. 1 , Supplementary Fig. S1 ) that concur with previous observations (Davison et al., 2007) , indicating that this situation seems to be a common feature in Arabidopsis accessions.
Chiasma analysis
In Arabidopsis, chiasma scoring at diplotene and diakinesis has associated problems due the difficulty in distinguishing relational twists from genuine chiasmata. Also, the persistent association of nucleolar organizing regions (NORs) with the nucleolus presents difficulties with chiasma identification in the short arms of chromosomes 2 and 4. Therefore, metaphase I is a more suitable stage for chiasma scoring in this species despite the condensed state of the chromosomes. On the other hand, chromosome condensation at this stage represents an advantage when FISH techniques are applied. Chiasma frequencies were recorded from 20-50 FISHlabelled metaphase I pollen mother cells (PMCs) per accession, according to the criteria established previously by Sánchez-Morán et al. (2001) . In all of the cells analysed, the five chromosome pairs invariably formed five bivalents that fall into two categories: rods and rings. Rods are bound by chiasmata in one arm only, whereas rings have both arms bound by chiasmata (Figs 1, 2). All bound arms were considered associated by chiasmate bonds, including the short arms of chromosomes 2 and 4 that contain NORs and associated heterochromatin.
Because of limitations on the number of cells that could be scored from individual plants, data were collected from two or three plants per accession. Since there were no significant differences in the mean chiasma frequencies per cell between them, individual plant data were grouped. The mean chiasma frequencies per cell, per bivalent, and per bivalent arm in the accessions analysed are summarized in Table 2 . To gain a better understanding of the natural variation in chiasma frequency in Arabidopsis, previous data reported by Sánchez-Morán et al. (2002) have also been included in this table. A broad analysis of all these data indicates that there is a relationship, which does not necessarily imply direct proportionality, between the size of the chromosomes and their mean chiasma frequency. Thus, bivalents 1, 3, and 5, the group of submetacentric/metacentric chromosomes, showed the highest mean chiasma frequencies: overall means of 2.11, 1.93, and 1.94 with ranges of variation of 1.88-2.6, 1.72-2.1, and 1.46-2.18, respectively. Shorter acrocentric chromosomes 2 and 4 had a lower overall mean chiasma frequency, both 1.70, with ranges of variation of 1.28-2.00 and 1.50-1.97, respectively. In these chromosomes, it is also evident that the mean chiasma frequency is higher in the long than in the short arm.
The mean chiasma frequencies per cell among accessions ranged from 10.10 in Sol-0 to 7.90 in Cvi. A three-way ANOVA (Table 3) revealed not only that these differences are significant but also that accessions differ in their particular patterns of chiasma formation in certain bivalents and bivalent arms. For example, Pro-0 and Sol-0 displayed mean cell chiasma frequencies of 9.96 and 10.10, respectively. However, bivalent 2 in the former accession has a mean chiasma frequency of 2.0, but of 1.6 in the latter; these differences were mainly attributable to the short arm. At this point, the question is whether the significant differences in chiasma frequency among accessions detected in the ANOVA were due to those accessions which represent the extremes of the overall chiasma distribution, Cvi and Ler, and Ll-0 and Sol-0, with the lowest and highest mean chiasma frequencies, respectively. To examine this, statistical analyses were carried out eliminating these accessions consecutively. Afterwards, the differences in chiasma frequency still existed in the remaining 13 accessions. Additional repetitions of the ANOVA revealed, at the end, the existence of two homogeneous accession groups with significant differences in their chiasma frequencies. One group (G1) comprises seven accessions, namely Hey-0, Ri-0, Col, Ws, Leg-0, C24, and Fei-0; and the other one (G2) six, namely Ms-0, Vil-0, Cand-0, Kas-1, Pro-0, and Nok-0. To ascertain the main sources of chiasma frequency variation, two-way ANOVAs were conducted for each individual bivalent, and separate analyses were performed for all of the 17 accessions, for the 13 accessions (excluding those with extreme chiasma frequencies, Cvi, Ler, Sol-0, and Ll-0), and for groups G1 and G2. The results of these analyses are summarized in Table 4 . When all of the accessions were included, all chromosomes showed significant differences between accessions, and the accessions3arms interactions were also significant. The same results were obtained when those accessions with the lowest and highest chiasma frequencies (group A) were excluded. Chromosomes 1, 2, 4, and 5 showed similar chiasma frequencies in the accessions of group G1, although the accessions3arms interactions are significant for chromosomes 1, 2, and 4. However, there were significant differences for chromosome 3 as a consequence of its low chiasma frequency in Leg-0. On the other hand, the opposite situation was found between the accessions of group G2 since chromosome 3 was the least variable, whereas chromosomes 1, 2, 4, and 5 showed significant differences not only in chiasma frequencies but also in the accessions3arms interactions. These differences disappeared when the Nok-0, Ms-0, and Vil-0 accessions were eliminated from this group. Across the accessions studied it is not evident that any given chromosome of the complement was the least variable regarding chiasma frequency, and also regarding between-arm distribution.
Although it was not possible to conduct an accurate analysis on chiasma distribution due to the highly condensed state of the bivalents at metaphase I, it was observed as a general rule that pericentromeric regions are devoid of chiasmata. This finding confirms previous non-cytological observations of Drouaud et al. (2006) on chromosome 4, and also those by Toyota et al. (2011) in the centromeres of the Arabidopsis complement. The present data also corroborate the absence of chiasmata in the heterochromatic knob adjacent to the centromere of chromosome 4 (Drouaud et al., 2006; Toyota et al., 2011) . Furthermore, in bivalents or bivalent arms having one chiasma, it tended to occupy subdistal and interstitial positions, whereas, when two chiasmata were present, one was far from the other, occupying more proximal and distal locations. Thus, the operation of positive interference can be reasonably inferred. Different examples of these patterns of chiasma distribution in bivalent 4 are shown in Fig. 2 . It must be noted that short arms appeared associated via their distal NORs (45S signals). The presence of an unlabelled chromatin strip running continuously between the homologous chromosomes, flanked by 45S signals, confirmed the chiasmatic nature of these associations (Fig. 2C ). In those cases in which the 45S signal formed a solid continuous block, it was reasoned that these are also chiasmatic bonds but the diagnostic unlabelled strip is invisible due to the plane of viewing ( Fig. 2A, B, G) .
Discussion
Variation affecting rDNA sites
As Arabidopsis is a naturally self-fertilizing species, individuals collected from wild populations are, in general, sufficiently inbred so as to be genetically almost completely homozygous. Nevertheless, naturally occurring variation at the DNA sequence level has been reported and represents a valuable resource for investigating traits related to morphology, life history, and fitness (Alonso-Blanco and Koornneef, 2000; Bakker et al., 2006; Mitchell-Olds and Schmitt, 2006; Picó et al., 2008; Bergelson and Roux, 2010) . Taking together the data of Sánchez-Morán et al. (2002) and those reported here, it is evident that qualitative and quantitative variations affecting two rDNA sites, 45S and 5S, are a common feature between different accessions. These findings concur with the substantial repeat number polymorphism for 5S and 45S ribosomal genes described in other accessions of this species by Davison et al. (2007) . These authors have also suggested differences for centromeric and pericentromeric repeats. Whether and to what extent this variation leads to differences in the transcription level of these genes or whether it is related to some type of adaptive advantage remain to be ascertained. Although it is well known that the Columbia ecotype contains ;1000 copies of 5S rDNA per haploid genome localized in chromosomes 3, 4, and 5, 5S transcripts only come from chromosomes 4 and 5 (Cloix et al., 2002) . On the other hand, it has been reported that the expression and chromatin organization of 5S rRNA genes change during heterochromatin establishment (Mathieu et al., 2003) .
Variation in chiasma frequency
The results of this study confirm and extend earlier findings (Sánchez-Morán et al., 2001 and reveal that related genotypes can have up to 22% difference in chiasma frequencies, ranging from 7.9 to 10.1 (Table 2) . However, no differences among plants within the same accession were found. It has been reported that considerable interindividual variation of the recombination rate is present within populations of different organisms (Jones, 1987; Quevedo et al., 1997; Dumont et al., 2009) . The reason why in Arabidopsis a relative lack of variability among plants within the same accession has been detected may be related to its high selfing, and also to the low number of plants analysed in each accession. Among different accessions, Sol-0 and Ll-0 showed the highest chiasma frequencies and Cvi and Ler the lowest. The remaining 13 ecotypes were classified into two different groups with significant differences in chiasma frequencies between them (Tables 2, 3 ). As expected, the other main effects, chromosomes and arms, are also highly significant. Discrepancies between cytogenetically determined chiasma frequencies and genetic map lengths have been reported in some plant species. However, the consensus view is that they result from a combination of several factors including possibly underestimation of chiasma frequencies and overestimations of map lengths (reviewed by Sybenga, 1996) . In Arabidopsis, the current value for the total genetic map length is 600 cM, based on recombinant inbred lines (Col3Ler) (http://nasc.nott.ac.uk), which would correspond to a mean chiasma frequency of 12.0 per cell, whereas the mean PMC chiasma frequencies in Col, Ler, and Ws accessions are 9.1, 8.7, and 9.24, respectively (for discussion, see Sánchez-Morán et al., 2001 . At the chromosome level, mean chiasma frequencies for the bivalent 4 of 1.62 and 1.5 were reported in PMCs of Col and Ler accessions, respectively (Sánchez-Morán et al., 2002) , which is consistent with the estimations of, on average, 1.5 and 1.6 COs during meiosis of Col/Ler F 1 hybrids (Copenhaver et al., 1998; Drouaud et al., 2006) .
Considering all of the results mentioned above, it can be concluded that cytological and genetic estimations of recombination rates are in reasonable agreement, especially if it is taken into account that COs between homologous chromosomes are affected by genetic background, sex, and environmental conditions of growth (Jones, 1984; Vizir and Korol, 1990; Barth et al., 2000 Barth et al., , 2001 Drouaud et al., 2007; Toyota et al., 2011) . In fact, a recent chiasma scoring carried out in the authors' laboratory in plants which had been grown in a different chamber from that used for the accessions analysed in this work revealed mean values of 10.20 and 9.14 for Col and Ler, respectively (JLS, unpublished data).
Accessions also differ in their particular patterns of chiasma formation in certain bivalents and chromosome arms. Differences observed between groups G1 and G2 could be related to the fact that the latter live in more extreme habitats that the former. In these situations genetic combinations that increase chiasma frequency might be favoured. Bivalent chiasma frequencies are proportional to chromosome size, in the general sense that bivalents show the same ranking according to chiasma frequency as varied according to chromosome size: chromosomes 1, 5, and 3 had the highest mean chiasma frequencies while the acrocentric chromosomes 2 and 4 had the lowest frequencies. However, the same bivalent may behave in a different way in different accessions (Table 2 ). All these findings indicate another level of control over recombination at the whole chromosome level.
In summary, chiasmata provide a valuable, direct, rapid, and relatively cheap cytological approach to quantify reciprocal recombination at the genome-wide level in some accessions of A. thaliana, which are not usually used in Table 4 . Summary of chiasma frequency ANOVAs for individual bivalents (1-5). Tabulation of significance levels for the 'accessions' and 'accessions3arms' items of ANOVAs carried out on chiasma frequencies of individual bivalents (1-5). The analyses were first performed including the 17 accessions and then repeated omitting consecutively group A and the different accessions within groups G1 and G2. a All accessions except Cvi, Ler, Ll-0, and Sol-0. G1: Hey-0, Ri-0, Col, Ws, Leg-0, C24, and Fei-0; G2: Ms-0, Vil-0, Cand-0, Kas-1, Pro-0, and Nok-0. *5%; **1%; ***0.1%; NS, non-significant. research laboratories. It is obvious, however, that chiasmata become imprecise indicators when accurate estimations of CO distributions at either megabase or kilobase levels are necessary (de Massy, 2003; Drouaud et al., 2006; Mézard, 2006; Mézard et al., 2007) . Nevertheless, the traditional cytological analysis of reciprocal recombination frequencies will always be a useful tool to estimate this parameter, especially in suitable non-model organisms.
Supplementary data
Supplementary data are available at JXB online. Fig. S1 . Schematic haploid karyotypes of Arabidopsis showing the numbers and locations of 45S and 5S rDNA sequences in the different accessions analysed.
